Ontario possesses some of Canada's most productive agricultural soils, some 5.1 million hectares or about 8% of Canada's farmland, concentrated in southern parts and suitable northern areas (Figure 1 ; McCuaig & Manning, 1982; Hofmann, Filoso, & Schofield, 2005) . Farms occupy a significant portion (35.5%) of the densely populated southern Ontario, while occupying 5.6% of all of Ontario. Ontario supports a great diversity of agri-products, almost 25% of Canada's agricultural production, C$11.8 billion in 2012, and about 52,000 farms (2011), about a quarter of all farms in Canada.
Progress in agri-environmental stewardship is evident in most developed countries including Canada (Organization for Economic Cooperation and Development [OECD], 2008 [OECD], , 2013 ). Ontario's agri-environmental stewardship initiatives in recent decades address soil erosion, water quality, nutrient management, pesticide use and greenhouse gas emissions (Ontario Farm Environment Coalition [OFEC], 1993; Plummer, Speirs, Summer, & FitzGibbon, 2007; Summers, Plummer, & FitzGibbon, 2008; Agriculture and Agri-Food Canada, 2009 ). Sustainability and environmental performance is now becoming a factor in securing and retaining market access. A number of studies have examined agri-environmental trends at the national level in Canada (e.g. Eilers, MacKay, Graham, & Lefebvre, 2010) and in developed countries (OECD, 2013) . A growing body of studies is revealing long term temporal trends in agriculture across North America at regional, state and provincial scales (Brown, Johnson, Loveland, & Theobald, 2005; Bucknell & Pearson, 2006; Wolter, Johnston, & Niemi, 2006; Hiller, Powell, McCoy, & Lusk, 2009; Watelet, 2009; Nickerson, Ebel, Borchers, & Carriazo, 2011) . The regions exhibit sometimes consistent, sometimes remarkably differing trends and consequences. Farm area and cropland are decreasing in some regions and stable in others (Brown et al. 2005; Wolter et al. 2006; Hiller et al. 2009; Watelet, 2009; Nickerson et al. 2011) , while pasture is decreasing in many regions but increasing in some (Nickerson et al. 2011) . Similarly, increases or decreases in livestock numbers differ among regions (Herath, Weersink, & Carpentier, 2005; Veeman & Gray, 2010 ).
Yet agri-environmental trends in Ontario and how these compare with other jurisdictions are not well documented in the primary literature and not well understood by many resource management professionals. Popular generalizations about "industrialization" and "intensification" often prevail over empirical, evidence-based analysis. The decline of agricultural geography research (Morris & Evans 2004 ) and in general knowledge of agriculture among the population (Pawlick 2001 ) has contributed to this dearth of information. Sound, evidence-based agri-environmental policy requires knowledge of the many observed trends of change in agriculture.
This study tests for significant agri-environmental and agricultural land use trends in Ontario over many decades and, where possible, almost two centuries , using a variety of longitudinal, time series data. The intent is to identify what factors changed significantly in the industry (e.g. cropland area, livestock numbers), inputs (e.g. nutrients, pesticides), farm practices (e.g. tillage, nutrient management) and environmental stewardship. Correlation and Mann-Kendall trend tests are used to identify significant temporal trends. The study also examines how changes in Ontario agriculture are different from other parts of Canada and other developing countries using comparable data and studies.
Methods and Data

Agricultural Census Data
The Census of Agriculture of Canada conducted every five years provides a long-term perspective on agricultural trends and allows assessment of many risks to the environment (Statistics Canada, 2008a , 2012a Eilers et al., 2010) . The information includes farm land use, crops, livestock numbers and agricultural practices. Agri-environmental variables have been added in recent years. Census data was assembled for time periods 1826-2011 (Trant, 1983 , Government of Canada, 1935 ), 1921 , 1976 (Statistics Canada, 2007 and other periods for different variables (e.g., Statistics Canada, 2013a) . Data for other provinces, where available, were used for comparisons with Ontario. Comparisons are made with studies of other developed nations (e.g. US, OECD) where available. Estimated manure production was calculated from census livestock numbers (excluding horses), for 1976-2011 using detailed coefficients (by species, commodity, age and sex) and methods of Hofmann (2008) and Hofmann and Kemp (2001) , and for 1921-2011 using more generalized coefficients (by species).
Pesticide and Fertilizer Data
A survey of pesticide use in Ontario is conducted every five years, estimating the amount of active ingredient applied and environmental risk (Gallivan, Surgeoner, & Kovach, 2001; McGee, Berges, & Beaton, 2010) . Annual fertilizer sales data is drawn from reports from Agriculture and Agri-food Canada (Korol, 2002) and Statistics Canada (2013b) . The data is reported as tonnes of nutrient per year, nitrogen and phosphate equivalents, after conversion of different types of fertilizer to comparable measures.
Agri-Environmental Stewardship Data
Under Ontario's Environmental Farm Plan (EFP) program, individual farmers attend a workshop, prepare Environmental Farm Plans identifying actions needed, many have these reviewed by a third party and then go on to implement the actions identified. Statistics have been collected since 1993 on farmers' workshop participation and third-party review of plans. Since 2005, statistics have been kept on best management practice projects completed. Several evaluations of the EFP are drawn on for context (Plummer et al., 2007; Summers et al., 2008; Agriculture and Agri-Food Canada, 2009; Prairie Research Associates, 2011; Woyzbun, 2012) .
Statistical Analysis
Data presented in this paper are time series at a provincial scale. The census time periods covered are generally 1921-2011 or 1976-2011, with some longer periods, 1826-2011, or shorter, such as 1991-2011, depending Data analysis methods are primarily longitudinal, temporal trend analysis using correlation with Mann-Kendall test statistics (Yue, Pilon, & Cavadias, 2002) , to identify statistically significant trends. Often used in environmental and land use monitoring, the Mann-Kendall non-parametric test is appropriate for monotonic trend detection for sequential temporal data, not relying on any assumed distribution, accommodating missing data, irregular intervals, and uses only the relative magnitude of values (Chandler & Scott, 2011) . The MAKESENS Excel add-on was used for calculations (Salmi et al., 2002) . Principal components analysis is used to identify the main overarching temporal change gradients in census data 1921-2011.
Results and Discussion
Ontario has a long history of agriculture including that undertaken by indigenous peoples before European colonization. Ontario's agriculture changed dramatically since the beginning of European colonization, beginning around 1780. The extent of land area of Ontario farms 1826-2011 is shown in Figure 2 , illustrating growth of clearing of land by European settlers throughout the 19 th century. 
Total Area of Farms
The total area of farms includes cropland, pasture, woodland, wetland, farmstead (including buildings and dwellings) and all other lands owned, leased or controlled. The extent of the total land area of Ontario farms expanded 1826-1931 and then declined as illustrated in Figure 2 . The percent of Ontario land area occupied by farms declined from a peak of 10.1% of Ontario in 1931 (60.7% of southern Ontario) to 5.6% of Ontario in 2011 (35.5% of southern Ontario). The total area of Ontario farms decreased by four million hectares, or 44%, over the period 1921-2011 (Table 1) . This land use transition is similar to trends in total farm area in most eastern provinces in Canada ( Figure 3a ; Table 1 ) and many parts of the developed world (Wolter et al., 2006; Nickerson et al., 2011; OECD, 2013) . But in Canada's western provinces, total farm area did not peak until late in the 20th century due in part to later European settlement, primarily in the early 20th century ( Figure 3a , Table 1 ). A similar east-west contrast in timing of growth and contraction of farmland has been observed in the US (Waisanen & Bliss 2002; Nickerson et al., 2011) , given the similar colonial history.
The drop in total farm area is the product of a number of drivers including growing productivity, abandonment of marginal agricultural land, efficiency, urban encroachment, growth of rural residential properties and other factors (Veeman & Gray, 2010; McCuaig & Manning, 1982) . The decrease in overall farmland area is primarily composed of decreases in pasture, woodland and wetlands in farm ownership, while cropland area remained relatively stable. Land clearing for agriculture peaked around 1920 when forest cover in southern Ontario was about 10.6% (Larson et al. 1999; Blancher et al., 2007) , although Figure 2 suggests the peak was earlier, in 1891 (also see Watelet, 2009 ).
Total Area of Cropland
Cropland refers to farmland planted with annual or perennial crops, including grains, oilseeds, hay, fruits, vegetables and many other crops, but excluding pasture. The area of land in crops declined from a peak in 1891 ( Figure 2 ) but has been remarkably similar over the period 1921-2011 ( Figure 3b and Table 1 ), fluctuating between 3.9 and 3.2 million hectares. On a percentage basis, cropland increased from 41.5% to 70.5% of total farm area over the period 1921-2011, as other land types decreased. Since 1978, many public policy instruments have been put in place to protect farmland from urban encroachment including land use planning policy, farmland property tax incentives, Greenbelt legislation and growth plans (Pond, 2009; Government of Ontario, 1998 , 2005a , 2005b .
The relative stability in Ontario cropland extent is similar to eastern Canadian provinces, at least since 1981 ( Figure 3b , Table 1 ) and the mid-west US (Nickerson et al. 2011) . This stability contrasts the late 20th century increases in cropland in western provinces like Alberta, Saskatchewan and Manitoba ( Figure 3b , Table 1 ), primarily due to reduced summer fallow (Eilers et al., 2010) , a practice more prevalent in western Canada historically. It also differs from the decreases in cropland in many eastern US states (Ramankutty et al., 2010; Waisanen & Bliss 2002) and other developed countries (OECD 2013) . At the same time, crop and livestock productivity on roughly the same land base has grown enormously in Ontario and elsewhere (Morrison et al., 2000; Veeman & Gray, 2010) . 
Area of Woodlands, Wetlands and Non-Production Lands on Farms
The amount of farm area in woodlands, wetlands and other non-production lands decreased by 65.3% or 1.6 million hectares between 1921 and 2011 and dropped from 26.5% to 16.4% of total farm area (Table 1) . A similar decreasing trend exists in eastern Canada, while in western Canada the proportion remained stable (Table  1) . However, the total area of forest in southern Ontario has increased primarily through reversion of former agricultural lands through natural succession (Larson et al., 1999; Blancher et al., 2007) . So some forests, wetlands and former pastures appear to have shifted ownership to the growing number of non-farm landowners, consistent with the shift in rural populations (Milburn, 2011) . The re-growth of forest cover, primarily in central, eastern and northern regions of Ontario (Larson et al., 1999; Blancher et al., 2007; Watelet, 2009) , is a land use transition occurring across eastern North America and most developed countries (Rudel et al., 2005; Nickerson et al., 2011) . However, in the last number of years with higher crop commodity prices, anecdotal evidence suggests some hedgerows, forests and small wetlands may be undergoing conversion to annual crops.
Historically, wetlands were drained for agricultural and public health objectives in Ontario and across developed nations. Over 72% of southern Ontario's wetlands have been lost since European settlement (Schulte-Hosteddea, Walters, Powell, & Shrubsole, 2007; Ducks Unlimited, 2010) . A series of public policy initiatives in the 1980s and 1990s sought to stop the loss of wetlands in Ontario (Loftus, Smardon, & Potter, 2004; Schulte-Hosteddea et al., 2007) . 3.5% wetland loss occurred in 1982 (Duck Unlimited, 2010 , but the data cannot indicate the effectiveness of policies later in that period. On-farm wetland restoration is now more common with technical and incentive support, and abandonment of less productive farmland has also led to wetland recovery (Loftus et al., 2004) . 
Farm Size and Structure
The total numbers of farms declined over many decades and average farm size (in area) has increased (Table 1) with increasing efficiency of production, a well-known phenomenon in all economic sectors in developed countries (OECD, 2013) . The average farm size in Ontario in 2011 was 98.7 hectares, a change of 114% since 1921, but remains the smallest in Canada, with the exception of Newfoundland (Figure 4 ). The percent change in average Ontario farm size 1921-2011 is also the lowest among Canadian provinces, with a national percent increase of 292% (Table 1 ; Figure 4 ). The rate of increase in farm size has been greatest in Saskatchewan, Alberta and Manitoba, due to geography, crop types and change in technology. Ontario average farm size is also small relative to other jurisdictions such as the US and Australia (Statistics Canada, 2008) , but similar to farms in the eastern US and the UK (Eastwood, Lipton, & Newell, 2010) . While average farm size has only doubled in Ontario, averages are simplistic and can be misleading, not representing the full nature of change. The vast majority of farms (98%) continue to be farm family owned and operated.
A trend of specialization in commodities occurred since the nineteenth century, away from the low input-low output mixed farming of many decades past, similar to most developed countries (Veeman & Gray, 2010) . Interestingly, in Ontario and eastern Canada both the number of farms and total farm area decreased 1921-2011, while in western Canada the number of farms decreased but total farm area increased (Table 1) . Farms in 2011 also have a higher percentage of annual cropland, lower percentage of forages, wetland and woodland. The diversity of crops grown in Ontario decreased 1976-2011, with the total percent of cropland covered by the top four crops (corn, soy, wheat, hay) increasing from 71.6% in 1976 to 90.3% in 2011.
Crops: Grains, Oilseeds and Forages
The types of crops grown in Ontario have shifted dramatically over time (Table 1 , Figure 5a ) with changing end uses, consumer preferences, trade, technology, plant breeding and other factors. The transformation of Ontario cropland after 1960 is particularly focused on expansion of grain corn and soybeans (Joseph & Keddie, 1981; Keddie, 1983; Small, 1999; Keddie & Wandel, 2001 ) and contraction of forages, pasture and mixed farming. New varieties for colder climates, other genetic improvements, markets and production methods explain the www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; changes (Veeman & Gray 2010) . The rapid modification in crops during 1960s to 1980s, along with unsuitable management practices, led to action to mitigate soil erosion, degradation and water quality impacts (Senate of Canada, 1984; Stonehouse & Bohl, 1990 ).
The area planted to grain corn more than tripled 1961-81, and levelled off 1981-2011 (Figure 5a ; also see Joseph & Keddie, 1981 , Keddie, 1983 Hamel & Dorff 2014) . In Canada, corn is grown primarily in Ontario (61.7% of area in 2011) and Quebec. The expansion of corn was greatest in Ontario, but in Quebec and Manitoba corn area increased as well, and grain corn area spiked in almost all provinces in 2011 due to high prices (Table 1) . Yield of corn also increased dramatically during that time period (Veeman & Gray 2010; Hamel & Dorff 2014) . In contrast, area of corn grown for silage or livestock feed decreased in area significantly during 1976-2011 in Ontario (Table 1) , but increased in several western provinces after 1990 (Table 1 ). Wheat area declined in western Canada after 1990 due to changes in markets and policy, especially transportation policy (Doan, Paddock, & Dyer, 2006) .
Perhaps the biggest change was the meteoric rise of soybeans in 1976-2011 to be the field crop with greatest extent at almost one million hectares (23.8% of cropland), more than either corn or hay (Figure 5a ), due to newer
Journal of Geography and Geology Vol. 7, No. 2; cold-hardy cultivars and other reasons (Morrison et al., 2000; Keddie & Wandel, 2001; Hume & Pearson, 2011) . Ontario had 62.3% of Canada's area in soybeans in 2011, with Quebec and Manitoba each with about 17% and both also showing increases over the last 10-20 years (Table 1) . This parallels growth in soybean acreage in the US and South America (Hiller et al., 2009) . Corn, soybeans and wheat have become a standard recommended rotation of crops for cash crop production (Government of Ontario, 2009), preferably with additional crops in the rotation to benefit soil health. However, it is thought that corn-soybean is the most common crop rotation, not ideal for soil health.
Hay and pasture have seen significant long-term declines in area (Table 1 , Figure 5a ), a major transformative trend and seems likely to continue. The decrease in area of hay undermines the use of forages within a crop rotation to build soil health, and is resulting in declining organic matter in many Ontario soils (Eliers et al., 2010) . The decrease in hay and pasture is linked to the reduced numbers of cattle, east to west shifts of cattle production within Canada, and changes in production systems (Venman & Gray, 2010; Agriculture and Agri-Food Canada, 1997a) . In contrast to Ontario and eastern Canada, pasture and hay area grew considerably during the late 20 th century in western Canada (Alberta, Saskatchewan and, to a lesser extent, Manitoba; Table 1 ). Nevertheless, hay and pasture acreage also decreased somewhat in western Canada after 2006. Two-thirds of developed countries had decreases in pasture 1998 (OECD, 2013 as did most regions of the US (Nickerson et al. 2011) .The decreasing amount of pasture and hay in Ontario coupled with re-growth of forest on abandoned farmland contributed to decreases in grassland birds and wildlife that expanded with the historic expansion of agriculture (McCracken, 2005) .
Fruits and Vegetables
Field production of vegetables and fruit occurs primarily in specific regions within Ontario and occupies a modest area of land compared to grains, oilseeds and forages. Acreage of field vegetable production climbed steadily 1921-2001 and subsequently declined some 2001-2011 (Table 1) . Similar growth trends and recent declines occurred in many provinces (Table 1) . While potato production grew, potato acreage shrank significantly during 1921-76, especially 1930-50, and remained relatively stable 1976-2011. Regardless of area planted, yield and production for most vegetables was far higher in 2011 than historically (Dorff 2014) .
The largest fruit crops in Ontario are apples and grapes, but the moderate climate of southern Ontario allows cultivation of many tree fruits as well as grapes and small fruits (Small, 1999; Statistics Canada, 2012b; Dorff 2014) . Tree fruit production grew dramatically, but tree fruit acreages declined significantly 1921-41, and continued a slower decline to 2011 (Table 1) , similar to a Canada-wide pattern (Table 1; Small, 1999; Dorff 2014) . Challenges of climatic variability, specialization, trade issues, processing capacity and other factors led to the concentration of tree fruits in the most favorable regions (Van Vliet, Macintosh, & Hoffman, 1979; Krueger, 2000; Dorff 2014 ). Berry and grape acreages declined between 1986 and 1991 in part due to international competition, but gradually increased acreages 1991-2011. Many other provinces saw significant increases in berry and grape area (Table 1 ; also see Dorff 2014).
Greenhouse production, for vegetables and flowers, is also highly regional, occupying a relatively small land area in southwestern Ontario. Growth has been dramatic in the last 25 years in Canada and Ontario, Ontario accounting for 54.2% of greenhouse area in Canada in 2011 (Table 1; Small, 1999; Papadopoulos & Gosselin, 2007; Statistics Canada 2012b; Dorff 2014) .
Livestock
The changes in livestock numbers from 1921 to 2011 are shown in Figure 5b and Table 2 also indicates change in the percentage of farms reporting livestock by species, as well as comparisons with other provinces. Consistent with specialization and productivity growth, numbers of animals per farm have increased and the percentage of farms with livestock have decreased for all species discussed (Table 2) , as they have in other provinces and most developed countries (Thornton, 2010; Veeman & Gray, 2010) . Significant east-west livestock production shifts occurred in Canada (Veeman and Gray 2010) and similar east-west as well as northeast-south regional livestock shifts also occurred in the United States (Herath et al. 2005) . Specialization and spatial concentration of larger numbers of animals also occurred in Ontario and Canada raising concerns about manure management (Beaulieu & Bédard, 2003; Hofmann, 2008) .
Manure management issues, including nutrients and pathogens, greenhouse gas production, and odours are primary environmental concerns for all livestock species (Thornton, 2010) . Manure management is addressed in section 3.12. Ruminant production is a significant source of greenhouse gas emissions in agriculture, especially methane. Nevertheless, forage production for ruminants builds soil organic matter, carbon and prevents erosion. Modelling shows declining beef and dairy numbers in Ontario reduced methane production in recent decades www.ccsenet.org/jgg
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Cattle numbers reached a maximum in Ontario in 1976 (Figure 5b) , following a post-World War 2 expansion, and then declined. In western Canada, the cattle expansion continued until the early 2000s, while cattle numbers declined throughout eastern Canada (Table 2 ). This is a transformative trend driving other changes such as increasing area of annual crops. Figure 5b ), and broader declines across Canada in the 2000s due in part to the Bovine Spongiform Encephalopathy (BSE) crisis. The average size of each animal has also increased significantly, for example a 34% increase 1980 -2003 (Thornton, 2010 Veeman & Gray, 2010) . Beef production consists of cow-calf, backgrounder and feedlot operations, with Ontario operations being significantly smaller than in western Canada and US. Beef production has changed in response to changes in national and international production, processing methods, consumer preferences (Thornton, 2010) , increased production in western Canada due to reduction in grain supports, land and feed prices, and trade (Doan et al. 2006; Veeman & Gray, 2010) .
Significant decreases in the numbers of dairy cows occurred after 1976 (Table 2, Figure 5b ) due to increases in milk production per animal (Sargeant et al., 1998) and decreased per capita consumption of dairy products. Similar decreases in dairy cattle occurred across Canada (Table 2 ) and the developed world (Thornton, 2010) .
Journal of Geography and Geology Vol. 7, No. 2; Ontario and Quebec are the primary dairy producing provinces. Greenhouse gas production by the dairy industry decreased 1981-2006 due primarily to decreased animal numbers (Eilers et al., 2010 ).
An enormous rise in chicken production occurred across Canada (Table 2 , Figure 5b ), especially in Ontario, Quebec and British Columbia, and around the world (Thornton, 2010) , and reflects major changes in consumer preferences (Kearney, 2010; Lynn & Robbins, 1986) . Confined feeding production methods increased significantly in Ontario, Canada and all developed countries (Thornton, 2010) .
Hog numbers grew to an historic peak in 2006 in Ontario and declined significantly in 2007-2011 due to poor market conditions (Figure 5b ; also see Brisson 2014) . The hog industry is cyclical and affected by monetary exchange rate, cost of production, country-of-origin labelling, and US economic situation. Across Canada, especially in Quebec, Ontario and Manitoba-the provinces with the most hogs, hog production increased since the 1960s, but declined post-2006 across Canada (also see Brisson 2014) . The growth, geographic concentration, odour, high phosphorous manure, confined feeding production methods, and large numbers of hogs per farm (Hofmann, 2008; Hofmann & Kemp, 2001 ) led to public concerns in Ontario and across North America, which contributed to the development of Ontario's Nutrient Management Act (Ferreyra, de Loe & Kreutzwiser, 2008) .
Sheep numbers grew 1976-2011 in Ontario and Canada, after an earlier Canada-wide decline 1921-72 (Table 2 , Figure 5b ). The more recent increases also occurred in Quebec and the prairie provinces. Consumer preferences and growth in ethnic markets have increased lamb consumption which is expected to continue growth (Thornton, 2010) .
Historical, agricultural use of horses in Ontario and Canada declined dramatically with mechanization in early to mid-twentieth century (Table 2) , from a maximum in 1910 in Ontario. But in recent decades recreational use of horses, especially in the urban fringe, has expanded across the western world (Elgåker, 2012) . The agricultural census does not reflect horses used for sport and recreational use. Estimates of the total population of horses in Ontario in 2006 ranged from 230,000 to 380,000, meaning 58-74% of horses were not on farms (Wilton & Caldwell, 2009 and Evans, 2011 respectively) . Demand for hay for recreational horses helped keep Ontario acreage of hay relatively high in recent decades until 2011 (Figure 5a ). 
Major Components of Long-Term Change
Given the complexity of the changes described above, principal components analysis was used to summarize the dominant trends in agricultural change 1921 to 2011, as represented by two principal components of a subset of census variables shown in a biplot in Figure 5 . Axis 1 represents the long term change (69.1% of variance) of reduced numbers and total area of farms, decreasing acreage of forages, decreasing numbers of horses, and expansion of grain corn, soybeans and field vegetables (high loadings on those variables). This trend is a fairly typical trajectory for agricultural change in many developed countries in the early to mid-20th century. This could be regarded as a modernization or "intensification" gradient. Axis 2 summarizes the change since the 1970s through 2011 (20.1% of variance), when cattle numbers declined, hog and chicken numbers grew, soybean acreage expanded dramatically, and wheat acreage expanded again after a long previous decline. Both gradients illustrate the long-term transformation of Ontario agriculture.
Tillage Practices
Soil conservation concerns since the 1980s, led to promotion of no-till and conservation tillage methods in recent decades (Stonehouse & Bohl, 1990; Yates, Bailey, & Schwindt, 2006) . Reduced tillage approaches leave a larger proportion of biomass on the land surface, reduce soil erosion, increase soil biodiversity and build soil health (Derpsch, Friedrich, Kassam, & Hongwen, 2010) . Some research suggests an unintended consequence of no-till may be increases in runoff of dissolved phosphorous, especially in the changing conditions of the 2000s in the Great Lakes (Joosse & Baker, 2011) . Reduced tillage has been thought to increase soil organic matter, but research suggests reduced tillage changes the distribution of organic matter in the soil profile rather than increasing it overall in most soils (Yang et al., 2013) , especially in humid climates such as Ontario.
The reported growth in no-till and reduced tillage practices 1991-2011 and the decrease in conventional tillage in Ontario is shown in Figure 7a and Table 3 (see also Eilers et al., 2010) . Some questions exist about whether reported tillage practices in the census reflect actual practices (see Uri, 1999; Lobb et al., 2007) . No till practices are more difficult to implement in corn and this lowers long-term no-till adoption rates within a rotation. Widespread anecdotal reports suggest increases in tillage, especially fall tillage, in recent years, leading to concerns about soil health.
Current reported Ontario levels of no-till (33.1% of cropland in 2011), reduced tillage (29.8% in 2011) and "most of residue incorporated into soil" tillage (37.1% in 2011) are similar to the levels in the US (Derpsch et al., 2010) , although different terminology make direct comparisons difficult. Zero till and reduced tillage practices are generally most widespread in the drier prairie provinces, especially Saskatchewan and Alberta, dominated by cereals and pulses, intermediate in BC, Manitoba and Ontario and lowest in eastern Canadian provinces (Table 3; Statistics Canada, 2008 . Adoption of conservation tillage and no-till is reportedly highest in South America, intermediate in North America and lower in Europe and Asia (Derpsch et al., 2010) .
Pesticide Use
Overall pesticide use-insecticide, herbicide and fungicide-and associated environmental risk gradually decreased in Ontario agriculture over the period from 1983 to 2003 and increased some in 2008, with overall use decreasing by more than 45% 1983-2008 ( Figure 7b , Table 3 ). Insecticides (and other pesticides) showed the most consistent and significant decline. Herbicide use declined 1983-2003 and increased 2003-2008 . Fungicide use has remained relatively similar 1983-2008. The overall decrease resulted from targeted extension and incentives for integrated pest management, changes in production, increasing cost of pesticides, pest resistant varieties and other factors (Gallivan et al., 2001; Government of Ontario, 2003b; McGee et al., 2010) .
Large decreases in insecticide use in field crops occurred over the 25-year period, as broad-spectrum pest control products were gradually replaced by more target-specific technology, with low amounts of active ingredient used per acre. On the other hand, glyphosate use increased in several crops, primarily due to the development of glyphosate resistant varieties, and this in turn led to reduced use of metolachlor. Concerns about pesticide toxicity and water quality impacts resulted in initiatives to reduce pesticide impacts (Government of Ontario, 2003b).
Pesticide detections in Ontario municipal water supplies declined 1986-2006, primarily due to decreases in pesticides banned in the 1970s (McInnis, 2010) . Total pesticide use in Quebec was relatively unchanged 1992-2009 but environmental and health risk indicators were lower by 39. 5% and 35.6% in 2009 , respectively, compared to 1997 (Gouvernement du Québec, 2012 . Data on trends in pesticide use in other provinces are not available (Environment Canada, 2011) . In the United States, pesticide use in agriculture (active ingredient) increased in the 1960s through the 1980s and subsequently stabilized in aggregate, with increasing herbicide use, decreasing insecticide use and static fungicide use in recent decades (Grube et al., 2011; Osteen & Fernandez-Cornejoa, 2013 
Fertilizer Use
Fertilizer nitrogen and phosphorus have potential to impact surface and ground water quality, through runoff and leaching, and greenhouse gas emissions (Eilers et al., 2010) . Great Lakes water quality programs have focused on reducing nutrients, especially phosphorus, from agriculture including both fertilizer and manure (Shear, 2006; Joosse & Baker, 2011; . Nitrous oxide emissions resulting from nitrogen fertilizer use has been the focus of climate change mitigation concerns (Venterea et al., 2012) .
Fertilizer sales in Ontario grew during the 1950s to peaks in the 1970s and early 1980s-peaks in 1979 for phosphorus and 1985 for nitrogen-declining in 1980s-early 2000s and apparently increasing in the last few years ( Figure 8a , Table 3 ). The decline 1981-2000 was most significant in phosphorus use, less so for nitrogen (Huffman et al., 2006; MacDonald & Bennett, 2009; Bruulsma, Mullen, O'Halloran, & Warncke, 2011) . Soil test phosphorus levels have decreased as well (Bruulsma et al., 2011) . The downward trend in fertilizer use 1980-2000 in Ontario echoes decreases in eastern Canadian provinces but contrasts continued increases in western provinces, with some levelling off in recent years (Table 3 ; also see Dorff & Beaulieu, 2014) .
A statistically significant decrease occurred in the percentage of Ontario farms using fertilizer, similar to western and eastern Canada ( Figure 8b and Table 3 ). No significant trend in the percent of Ontario farmland where commercial fertilizers were reported 1981-2011, while the percent of land receiving fertilizers increased 1991-2011 in western Canada (Alberta, Saskatchewan) and was decreasing or relatively unchanged in other provinces (Table 3; Statistics Canada, 2008b , 2013b . The environmental impact of the trend in use of fertilizer is a complex amalgam of rate of application, fertilizer types used, application method, area of application, manure application, yield, removal by crops, residual nutrients present in soil, and other site specific factors (Bruulsma et al., 2011; OECD, 2008) . Crop removal and increased yield have been major factors in reducing phosphorus surpluses (MacDonald & Bennett, 2009) . Impacts on Great Lakes water quality lessened between the 1980s and early 2000s, as many indicators for water quality improved (Shear, 2006; ). Yet the dynamics of nutrients in the Great Lakes became more complex due to influences like alien dressinid mussels, mobilization of phosphorus in sediment and climate change (Hecky et al., 2004; . Recent increases in dissolved phosphorus and harmful algae blooms led to increased focus on phosphorus again. Emphasis on nutrient management by the Canadian and Ontario governments and municipalities grew in the 1990s (Eilers et al., 2010; Government of Ontario, 2003a Caldwell, 2001) , as did the price of fertilizer (Statistics Canada, 2008a) . Indicators for environmental risks from nitrogen appear relatively stable in Ontario, while the indicator for environmental risk from phosphorus has been decreasing (Eilers et al., 2010) . Estimates of Ontario soil-related greenhouse gas emissions, primarily nitrous oxide, were relatively stable (Environment Canada, 2013 ) or declining 1981 (Eilers et al., 2010 , depending on the time frame measured. However, very recent increases 2006-2011, in annual crop area and fertilizer use could indicate some increases, depending on nutrient use efficiency.
Manure Management
Manure can have a number of impacts including nutrient contributions to water quality issues, pathogen introductions in surface and ground water and air quality impacts due to odour and ammonia (Unc & Goss, 2004; Ferreyra et al., 2008; Eilers et al., 2010) . The Walkerton drinking water tragedy and beach closures in certain regions of Ontario have focused public concern about manure management (Ferreyra et al., 2008; Unc & Goss, 2004 ). Ontario's Nutrient Management Act was developed to ensure sound management of manure and other nutrients to avoid risks to the environment (Government of Ontario, 2002) . In 2013, an estimated 4,054 livestock farms were required to meet regulatory standards under the Nutrient Management Act, including most large livestock farms and expanding livestock farms.
Consistent with trends in livestock numbers (Figure 5b ), the estimated amount of manure produced in Ontario (see section 2.1) appears to have peaked in 1976 and declined subsequently (Table 3) . Estimated manure production from dairy and beef farms declined by 52.2% and 45.3% respectively 1976-2011 due to lower animal numbers. While estimated manure produced on pork, sheep and poultry farms increased by 60.0%, 150.5% and www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; 35.3% respectively, the volumes are considerably lower than beef and dairy due to smaller size of each animal and the numbers of animals. Manure calculations for other provinces show decreases in eastern Canada and increases in western Canada (Table 3) , reflecting the changes in livestock within Canada discussed earlier in section 3.7 (Table 2) .
A number of studies have used livestock data to model trends in potential environmental risks from nitrogen, phosphorus, pathogens and ammonia (Eilers et al., 2010) . Nitrogen and phosphorus risk indicators are covered in section 3.11. A national indicator of risk due to coliform bacteria showed an ongoing risk 1981-2006 in certain watersheds in southwestern Ontario from concentration of livestock and local soil characteristics as well as in certain watersheds in Alberta, Quebec and Manitoba (Hofmann, 2008; Hofmann & Kemp, 2001; Eilers et al., 2010) . A shift from solid manure to liquid manure management systems in recent decades, especially in pork and dairy production, has also led to larger volumes of liquid requiring management (Eilers et al., 2010; Dorff & Beaulieu, 2014 
Water Use
Due to a temperate, humid climate, agriculture in Ontario is primarily rain-fed with irrigation primarily for specific field crops, horticultural and specialty crops and in specific regions (de Loë, 2005; Beaulieu et al. 2007; Agriculture and Agri-Food Canada, 2011; Valipour, 2013 Valipour, , 2014 Valipour et al. 2015) . Only 1.2% of Ontario cropland was irrigated in 2010 (~42,000 ha) and only 2. Ontario's temperate, humid climate also means artificial drainage has played a significant role in agriculture since the 19 th century (Kelly 1975 ). An estimated 1.75 million hectares, or about 48% of cropland in 2011, have tile drainage installed. Both tile drainage and drainage ditches form part of the drainage system. Artificial drainage can have significant environmental impacts, which are often soil type and landscape dependent (Loftus et al. 2004; Blann et al. 2009; Madramootoo et al. 2007 ).
Management of drainage has evolved over the years with broader water management, wetlands and fisheries habitat becoming more prominent factors (Walters & Shrubsole 2005 ; also see section 3.3). Specific best management practices for reducing nutrient and sediment loss from drainage have been developed and tested in Ontario (e.g. Drury et al. 2009 ) and promoted in recent agri-environmental programs. Installation of new tile drainage and drainage ditches has decreased in recent decades and replacement and maintenance projects have become more prevalent. However, recent higher prices for grains and oilseeds appear to have led to an increase in tile drainage installation or replacement of old tile systems.
Agri-Environmental Stewardship
Environmental stewardship in agriculture has a long history in Ontario (Summers et al., 2008 ) and Canada, which parallels similar work in the United States and Europe. In the 1990s, farm organizations developed the Ontario Environmental Farm Plan (EFP) to address environmental concerns in agriculture, in cooperation with government (Ontario Farm Environment Coalition 1993; Plummer et al., 2007; Ferreyra et al., 2008; Summers et al., 2008; Agriculture and Agri-Food Canada, 2009 ). The Environmental Farm Plan is both a risk assessment tool and an educational process that helps farmers identify best environmental practices. Participants with third party reviewed plans have been eligible for funding to implement their plans. A 1999 sample survey of participating farmers found 54% completion of actions identified in their EFPs (Summers et al., 2008; Plummer et al., 2007) . In a follow up 2010 sample survey, 65% of actions identified in EFPs were implemented (Prairie Research Associates, 2011). A 2006 national survey indicated more than 50% of farms with EFPs had implemented all BMPs and about 45% had partially implemented BMPs in their action plans in Ontario and Quebec (Agriculture and Agri-Food Canada, 2009 ).
During 2005-13, about 30% of Ontario farms (over 15,000 farms) implemented over 23,400 projects assisted under cost sharing programs to implement nutrient management, riparian management, improved pest management, water well management or other environmental practices. The projects invested at least C$350 million including over C$225 million from farmers. Analysis of the distribution of these projects shows the projects adopted addressed key risks of different types of farms in different regions (Woyzbun, 2012) .
Conclusions
Agricultural land use and agri-environmental practices in any region are shaped by many factors, global, national and regional in scale, and ecological, economic, social, historical, policy and technological in focus. Trends in each region, like Ontario, reveal the unique set of influences that shape regional agriculture. As the case of Ontario shows, global influences such as modernization, specialization and "intensification" may be large drivers of regional trends, but particular regional drivers can create contrasting and sometimes surprising patterns.
Since 1826, historic colonial development shaped the early growth of Ontario agriculture and then the later 20 th century growth of agriculture in western Canada, which in turn changed Ontario agriculture. This historic pattern is similar in the US (Waisanen & Bliss 2002) . The shrinking total area occupied by Ontario farms is typical of land use transitions in many developed jurisdictions through the 20 th and 21 st centuries (Waisanen & Bliss 2002; Brown et al., 2005; Nickerson et al., 2011) . This contrasts continued growth through the late 20 th century in western Canada. Ontario's relatively stable area of cropland is similar to mid-west US (Nickerson et al. 2011 ), but contrasts many parts of eastern and southern U.S. and Europe, where cropland continues to shrink in extent (Waisanen & Bliss 2002; Ramankutty el al., 2010; Nickerson et al., 2011) .
Long-term decreases in the number of cattle and area of hay and pasture have been transformative for Ontario, eastern Canada and even much of the US (Perlut, 2014) . These decreases and related increases in western
